Shoulder injuries are often related to rotator cuff muscles. Although there are various models for muscle force estimation, it is difficult to ensure that the results obtained with such models are reliable. The aim of the current study was to compare two models of muscle force estimation. Eight subjects, seven male and one female (mean age of 24 yr; mean height of 1.83 m), performed five isokinetic maximum concentric contractions of internal and external shoulder rotation. Two models with different algorithms were used. In both, the input data consisted of the measured internal rotation moment. Comparisons were made between the difference and the average results obtained with each model of muscle force estimation. There was reasonable agreement among the results for force between the two models for subscapularis, pectoralis major, and anterior deltoideus muscles results. Conversely, poor correlation was found for the latissimus dorsi, teres major, and middle deltoid. These results suggest that the algorithm structure might have a strong effect on muscle force estimation results.
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Mathematical indetermination constitutes an obstacle to predicting muscle force from net joint moment. The number of unknown variables of muscle forces usually exceeds the number of available equations. Consequently, there are an infinite number of possible solutions (Allard et al., 1995) . The two methods most frequently used for muscle force estimation are the optimization and the electromyography-drive methods (Chang et al., 2000; Favre et al., 2005; Hughes & An, 1996; Karlsson & Peterson, 1992; Van der Helm, 1994) . A large number of studies have analyzed isometric movement conditions (Chang et al., 2000; De Groot et al., 2004; Favre et al., 2005; Karlsson & Peterson, 1992; Langenderfer et al., 2006) . Favre et al. (2005) developed a 3-D model to predict muscle forces. Although highly structured, its processing time is extremely short. In contrast, the model presented by Ribeiro et al. (2005) , although it is used to process 2-D data, has a very long processing time. While the cited models have different structures, one could suppose that muscle force behavior would be similar, when analyzing movement in the same joint. Since there are some limitations to the use of electromyography in the validation of muscle force estimation (De Groot et al., 2004; Guimaraes et al., 1994; Winter, 2005) , especially in dynamic conditions, it could be worthwhile to compare the results obtained by different models, when analyzing the same movement. We have developed one 2-D optimization model (MODI 2D) to estimate muscle force based on Favre's model. Henceforth, the Monte Carlo model proposed by Ribeiro et al. (2005) will be called MOM (muscle optimization model). The aim of the current study was to compare muscle force results obtained from MODI 2D and MOM models.
Methods
Seven male subjects and 1 female subject, mean age of 24 years (range 19-25 yr); mean height of 1.83 m (range 1.74-1.85 m) performed the test. The test consisted of five maximum concentric isokinetic internal and exter-considered in these models were the following: subscapularis (SUBS), pectoralis major (PM), anterior deltoideus (AD), latissimus dorsi (LD), teres major (TM), and middle deltoideus (MD). In both models, the independent variables used were internal rotation moment (measured by the isokinetic dynamometer), moment arm values of each internal rotator muscle (Kuechle et al., 2000) , physiological cross-sectional area (PCSA; Veeger et al., 1991) , and specific tension of glenohumeral muscles (Chang et al., 2000) . The specific tension (also known as muscle stress) is a constant of proportionality between maximum force and PCSA (Chang et al., 2000) . Specific tension magnitude is highly variable and according to Chang et al. (2000) ; its values can range from 20 N/cm 2 to 140 N/cm 2 . The specific tension value adopted was 114.14 N/cm 2 as suggested by Chang et al. (2000) . For both models, the following was assumed: measured internal rotation moment is equal to the sum of all rotator muscle effort, when contracting (Equation 1) (Langenderfer et al., 2006) .
(1) where i = 1, 2, 3, . . . , n th internal rotator muscle Mir = measured internal rotation moment Mm = muscles moment The potential force (Pf) is a measure of the maximal force that one muscle could, in theory, produce (Liu et al., 1997) . Potential force is calculated as the product of the PCSA and specific tension (Equation 2):
where i = 1, 2, 3, . . . , n th internal rotator muscle Pf = potential force PCSA = physiological cross-sectional area  = specific tension From Pf, it is possible to calculate the potential moment (Pm) (Bassett et al., 1990) . The latter can be estimated from the product of each muscle moment arm, and the Pf (Equation 3).
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where i = 1, 2, 3, . . . , n th internal rotator muscle Pm = potential moment of muscle "i" Pf = potential force of muscle "i" moment arm = moment arm of muscle "i" Although both models use the variables cited above, they differ greatly in their structure.
Assuming that Mir is the sum of all internal rotator muscle effort, the MOM model (based on a Monte Carlo algorithm) explores all different sum combinations of all internal rotator muscle potential moments. Different nal rotations of the shoulder. The right (dominant) shoulder was evaluated, and none of the individuals reported any shoulder injury. All subjects read and signed university-approved informed consent documents for human subjects before participation.
The data were collected on an isokinetic dynamometer (Cybex, Norm model, Dataq Instruments, Inc. Ohio, USA). To obtain greater resolution of joint position, an electrogoniometer (model XM 180, Biomectrics Ltd, Cwmfelinfach, U.K.) was used. The electrogoniometer was fitted onto the isokinetic dynamometer. The moment signal analog output of the isokinetic dynamometer and the electrogoniometer were connected to a Pentium III 650 MHz microcomputer through a 16-channel analogto-digital converter (Computer Boards, CIO-DAS 16). The frequency sample adopted was 500 Hz. The Matlab 7.0 software (MathWorks Inc, MA, USA), in which both mathematical models were developed, was used for data processing and filtering. Both models were implemented in a personal computer-AMD Athlon microprocessor, 2.1 GHz of processing speed and 512 MB of RAM memory.
The data collection procedures consisted of preparation, positioning, calibration, and familiarization with the test and experiment. During preparation, subjects warmed up and stretched the upper-limb muscles. During the second phase, the subjects were positioned in orthostasis on the isokinetic dynamometer, with the right upper limb in a neutral position (close to the trunk) and with the elbow flexed to 90°, as the standard position recommended by the manufacturer. Afterward, the ROMs for both the internal and external rotation were determined. The convention used in this study was the following: negative values expressed external rotation and positive values, internal rotation. Zero angle was defined as the neutral position of the upper limb. The subjects were expected to be able to produce maximal force throughout the whole ROM. The mean maximal external rotation was −85° and maximal internal rotation was 67°. Familiarization with the test consisted of the accomplishment of three repetitions of submaximal concentric contractions. In the test, the subjects performed five repetitions of the maximal concentric contraction rotation without interval, with a mean angular speed of 60°/s. During the experiment, the subjects were reminded not to move the trunk.
Angle and moment data were filtered with a lowpass, third-order Butterworth digital filter and the cutoff frequencies were set at 3 Hz for angle and 10 Hz for moment data, using the residual analysis method (Winter, 2005) . After filtering, the averages for the angle and moment data from the five repetitions were calculated. Mean angle and moment data were subsampled into 25 points so as to reduce the processing data time of the MOM model.
Both models, MOM and MODI 2D, were structured in Matlab 7.0 (Mathworks, Inc.) software language. The output data were the estimated forces generated by shoulder internal rotator muscles. The muscles Then, normalizing PCSA values as explained previously
where i = 1, 2, 3, . . . , n th primary-motor internal rotator muscle and
The increment () in this model has the same purpose as in the MOM model, which is to modulate muscle force production. The increment value adopted was 0.05 (the same as in MOM model). According to Favre et al. (2005) , a low  leads to a smoother increment in force values, avoiding abrupt increases/decreases in muscle force and moment. Before applying Equation 9, MODI 2D split muscles into primary-and secondary-motor muscles. A mean maximal Pm was calculated for all the muscles based on the maximal value obtained for each individual muscle. A threshold factor was incorporated into this value to classify the motor muscles as either primary or secondary according to their individual Pm. If the threshold factor value is high, initially, only a few muscles with a high Pm would be recruited to counteract the external moment. Alternatively, if the threshold factor is low, several muscles with a low Pm would be recruited, leading to a finer tuning of muscle moment (Favre et al., 2005) . The threshold factor is a 0.7 coefficient. Now, the IREM can be considered as the sum of the primary-motor internal rotation estimated moment (PIREM) and the secondary-motor muscle internal rotation estimated moment (SIREM). Afterward, Equation 9 is applied considering only the primary-motor muscles. The remaining moment (RMoment) is obtained by Equation 11. The elected combination for primary-motor muscles will be that which results in the smallest positive Rmoment.
where Rmoment = remaining moment PIREM = primary-motor internal rotation estimated moment Mir = measured internal rotation moment Subsequently, Equation 12 is applied for secondary-motor muscles with the following adaptations:
where i = 1, 2, 3, . . . , n th secondary-motor internal rotation muscle possible combinations are obtained by using an increment (), which can vary from 0 to 1 in different levels, e.g., 0.1, 0.05, or 0.01. The  simulates different degrees of muscle recruitment. The combination that is equivalent or, at least, most similar in magnitude to Mir is chosen as the ideal and is called internal rotation estimated moment (IREM; Equation 4). This is done for each instant of time.
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where i = 1, 2, 3, . . . , n th internal rotator muscle IREM = internal rotation estimated moment  = 0, 0.05, 0.1, 0.15, . . . , 1 Pm = potential moment of muscle "i" Equation 4 permits an infinite number of possibilities for IREM. The possibility closest to Mir is elected as the ideal. This is done by calculating the minimum error (ME; Equation 5). If two or more IREM results in the same ME, the existence of different "ideal" possibilities is recorded.
When the established value for  is 0.05, it leads to: 4.93e+09 possible IREM values; and 3.86e+04 s of time processing (Ribeiro et al., 2005) .
Like the former model, MODI 2D assumes that Mir is the sum of all internal rotator muscle effort. The MODI 2D algorithm is based on a fraction of the algorithm proposed by Favre et al. (2005) . First, one muscle PCSA is chosen as reference value (PCSA u ). All PCSA muscles are normalized by PCSA u , resulting in a quotient (Q), defined as the following: = variance of M2 The correlation between difference and average focuses on the distinct magnitudes of the measurements, in contrast with the correlation between the two measurements. The latter will probably result in a high degree of correlation, although there may be considerable differences in magnitudes (Bland & Altman, 1995) .
Results
Internal rotation peak moment value for the eight subjects and the correspondent ROM for each subject is presented in Table 1 .
Although some variability existed among subjects, the internal rotation moment presented a similar pattern for all subjects (Figure 3 ). The correspondent peak angle is normalized by total ROM. Even though there are medium differences in peak moment values, they occurred basically at the same relative angle (on average, 36 ± 4.7% of total ROM). This confirms the presence of similarity in the behavior of the internal rotation moments in all subjects.
The results for estimated muscle force obtained with the MOM model show divergent patterns among some muscles (Figures 4 through 9 ). SUBS and PM present similar patterns and magnitudes of estimated force (Figures 4 and 5) . The AD magnitudes alternate during the ROM (Figure 6 ). Peak force values were similar for SUBS and PM, which reached, approximately, 1184 and 1139 N, respectively. AD peak force was, approximately, 485 N. The MOM model has identified only one best solution for each degree of motion.
LD and TM present similar force behavior, as shown in Figures 7 and 8) . The MD presents zero force values because of its external rotation function (Kuechle et al., 2000) in this ROM (Figure 9 ). LD peak force was 623 N; TM peak force was 809 N and MD was 596 N.
The results for muscle force obtained with the MODI 2D are shown in Figures 4 through 9. Because MODI 2D classifies muscles as primary and secondary; SUBS, PM, and AD were categorized as primary motors, whereas LD, TM and MD were classified as secondarymotor muscles.
SUBS, PM, and AD have extremely similar patterns-the latter differed only in magnitude. These muscles reached their peak force (1504, 1521, and 823 N, respectively) at −33 degrees of rotation (external rotation). The proximal values of force for SUBS and PM can be explained by the similarity of their moment arms values (Kuechle et al., 2000) .
The secondary-motor muscles presented similar patterns and magnitudes (Figures 7, 8, and 9) . LD peak Then, the ME value is obtained then by Equation 13:
where ME = minimum positive error Rmoment = remaining moment SIREM = secondary-motor internal rotation estimated moment With the algorithm used in MODI 2D, the time processing is shorter and there are a modest number of different possibilities for the same  value. Figures 1 and 2 present the sequence of data processing for each model.
The comparison between the two models was made by the correlation between the difference and average of the two measurements (models) (Bland & Altman, 1995) . The correlation coefficients for force and moment data were calculated by, firstly, averaging and calculating the variance of measurements of: force and moment data of all subjects. The variances of each measurement (M1 and M2) were used as input data for Equation 15, proposed by Bland and Altman (1995) . Then Equation 15 was used to calculate the correlation coefficient between the difference and the average of the two models. MODI 2D]/2), varied considerably (Table 3) , suggesting disagreement between the models depending on the muscle analyzed. A negative low correlation (−0.26) was only found for the SUBS muscle, whereas for the other muscles there was a positive low correlation (AD: 0.25), a high positive correlation (LD: 0.99; TM: 0.99; and MD: 0.99), or a low positive correlation (PM: 0.39). A zero correlation coefficient suggests that as the measured variable increases and decreases in magnitude, force was 17; TM peak force was 20 and MD was 18 N.
Comparing the two models, the peak and mean moment results diverged. Nonetheless, the most similar results were found for SUBS, PM, and AD, whereas the moment results for LD, TM, and MD presented relative larger differences (Table 2) .
Muscle force correlation coefficients between difference (MOM − MODI 2D) and average, ([MOM + 
Discussion
Due to differences in the algorithms used in the two applied models, there are completely divergent magnitudes for MD muscle force. MD values were zero values in the MOM model, but they reached 18 N of peak force in the MODI 2D model. This is a consequence of the structure of the MOM algorithm because it permits independent modulation of all muscle forces.
there is no difference between the results obtained from both models. The difference versus average for SUBS and LD muscle forces obtained with the MOM and MODI 2D models elucidates the different correlation coefficients obtained for those muscles (Figure 10 ). Considering the SUBS muscle, despite the tendency for MODI 2D to estimate larger magnitudes for force, there is a small difference in muscle force estimation. On the other hand, when analyzing LD, MOM overestimates LD force, when compared with MODI 2D; notice the magnitudes of abscissa and ordinate (Figure 11) .
The muscle moment correlation coefficients between difference and average also varied among the analyzed muscles (Table 3) . As for the muscle force coefficients, the SUBS (−0.24), PM (−0.46), and AD (−0.23) muscles showed a negative correlation. The Figure 3 -Mean internal rotation moment of the eight subjects. IR: internal rotation; ROM: range of motion; NP: neutral position; ER: external rotation; IR: internal rotation; S1: subject 1; S2: subject 2; S3: subject 3; S4: subject 4; S5: subject 5; S6: subject 6; S7: subject 7; S8: subject 8. Altman, 1995). Positive correlations indicate that, as averages increase, the differences between measurements also increases. Negative correlations imply that, as the average increases, the difference between measurements decreases. Consequently, for lower magnitudes of force or moment, both models would tend to agree on estimated values, whereas, as the average meaThe correlation coefficients used in the current study was first presented by Bland and Altman (1995) for the comparison of two different measurement instruments. In the case of the current study, the instruments are the two different models. Since the true value of muscle force is not known, the mean of the two measurements might be the best estimate we have (Bland & muscles are responsible for the dynamic restraint of the shoulder joint (Graichen et al., 2000) . Nevertheless, Favre et al. (2005) stated that, in some circumstances, there is no need for rotator cuff co-contraction. The value adopted for specific tension is critical because there is a wide range of values found in the literature (Chang et al., 2000; Crowninshield & Brand, 1981) . The specific tension value is of foremost importance, in view of the fact that it limits the maximal force that can be generated by a muscle. We used a specific tension value of 114.14 N/cm 2 , as suggested by Chang et al. (2000) , whereas Favre et al. (2005) adopted 70 N/ cm 2 . During pilot studies, we carried out trials with both these specific tension values for MODI 2D and MOM, and the attributed values were seen not to influence the estimated muscle force magnitudes.
In this study, the deltoideus muscle was divided into three portions. It was decided to only analyze the AD and MD because only those muscles can contribute to internal rotation movement. In general, although classified as a single structure, muscles could be considered as being composed of several motor units (Favre et al., 2005; Wickham & Brown, 1998) . In fact, the deltoideus muscle could be split into seven portions (Wickham & Brown, 1998) ; consequently, the central nervous system is able to make minute adjustments within a same muscle. Mechanically, it would require seven moment arm values to model it. These facts have significant consequences for optimization models because it would be necessary to improve the structure of the algorithm to enhance neuromuscular models.
Further validation of both models is still needed. In addition, the use of the same input data in two models with different algorithms permitted an evaluation of how algorithms can interfere in muscle force estimation. In relation to subject positioning, some movement between the scapula and the rib cage might have occurred, and they were not completely controlled. This could interfere in moment arm values, which were obtained from the literature. Nevertheless, due to the way the subjects are positioned at the isokinetic dynamometer, those movements were reduced.
Both the models compared in this study can be used to estimate muscle force. With the subscapularis, pectoralis major, and anterior deltoideus, there was reasonable agreement among the results for force between the two models, whereas with the latissimus dorsi, teres major, and middle deltoideus the agreement was poor. These results suggest that the algorithm structure might have a strong effect on muscle force estimation results. Besides, the MODI 2D model has the advantage of a faster processing data time. As a result, the use of the MODI 2D is preferable for the estimation of muscle force.
stated that, for primary-motor muscles, there was tendency of agreement between the two models. The larger correlations are related to the muscle force correlation coefficients of the following muscles: LD (0.99), TM (0.99), and MD (0.99). Consequently, the results obtained with the models tend not to agree on the muscle force magnitude of those muscles. In contrast, muscle moment correlation coefficients were low for SUBS (−0.24); reasonable for PM (−0.39) and AD (−0.53); and high for LD (0.99), TM (0.99), and MD (0.99). Considering the primary-motor muscles, a correlation coefficient above 0.3 was found for the PM and AD muscle, but they could be classified as medium correlations. Those results suggest that the models did not present similar predictions for muscle moment. In fact, there was a tendency of agreement between the two models, for muscle moment prediction of SUBS, PM, and AD.
The algorithms used in the two analyzed models have important consequences for their results. Although all input data (such as internal rotation moment, PCSA, moment arm, and increment value) were the same for both models, estimated muscle force was different and correlations between difference and average varied according to the analyzed muscle. The Monte Carlo algorithm, used with the MOM model, permits simultaneous independent fine-tuning of all muscles. Moreover, this model does not separate muscles as primary and secondary motor. As a consequence, the external moment is counterbalanced by the sum of all muscle moments together. In contrast, the MODI 2D model categorizes muscles into primary and secondary motors. Consequently, the external moment is first counterbalanced by the sum of all the primary-motor muscles. The remaining external moment is counterbalanced by the sum of secondary motor muscles. Furthermore, because muscle force is estimated for all primary-motor or secondary-motor muscles collectively, muscles within these two groups will present similar patterns of force. This is the reason for the fine-tuning found with MODI 2D muscle force results. In contrast, the results for muscle force obtained with MOM showed larger increments between the two instants of time. The increment value was 0.05 and according to Favre et al. (2005) ; low increment values would avoid such abrupt increases and declines in muscle force and moment patterns. It might be suggested that this effect might be due to the low subsampled data (25 points). If this was the cause, then the results for muscle force and moment obtained with MODI 2D would present a similar pattern.
Comparison between different models is often compromised because of methodological and geometric differences. This study presented a comparison between two optimization models using the same data input. Both are, to some degree, limited by their algorithms, which do not consider the dynamic stabilization of the glenohumeral joint. It is well accepted that muscles with smaller moment arms are, frequently, responsible for joint stabilization (Otis et al., 1994) . The rotator cuff
